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Finite-time thermodynamics is a new important branch of the modern 
thermodynamics. It is mainly used to investigate the regulation of energy and entropy 
flows of non-equilibrium systems in finite time. It has been extensively applied to 
many fields such as national defense, industrial and agricultural production, energy 
technology, chemical engineering and thermal economics. It has important theoretical 
significance for ones to open up new energies, develop new technologies, utilize 
energies efficiently, improve ecological environments, protect natural resources and 
exploit cross-subjects.  
Finite-time thermodynamics has dealt with many research fields. Specially, in the 
investigation of optimizing the performance of thermodynamic cycles, a lot of 
important achievements have been obtained. In the present thesis, the performance of 
two typical regenerative thermodynamic cycles is investigated on the basis of 
previous achievements. It has not only important theoretical but also practical 
significance. The regenerative thermodynamic cycles are a class of the typical 
thermodynamic cycles. The Ericsson and Stirling cycles are two of the important 
regenerative thermodynamic cycles. The regenerative characteristics, performance 
parameters and optimal theories of the Ericsson and Stirling cycles using respectively 
a ferroelectric material, a ferromagnetic material, a classical gas, a quantum gas and a 
spin system as the working substance are researched for different operating conditions. 
The influence of several factors such as non-perfect regeneration, finite-rate heat 
transfer, internal irreversibility of the working substance, heat leak loss between the 
heat reservoirs, heat transfer laws and the quantum degeneracy on the performance of 
thermodynamic cycles is studied. Some novel results are obtained, which will not 
only provide some theoretical bases for the optimal design and performance 
improvement of real thermodynamic cyclic equipments such as ferroelectric 
refrigerators, magnetic refrigerators and gas heat engines but also promote the 
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applications, molecule refrigerators and laser refrigeration technologies. In the present 
thesis, the performance of two typical regenerative thermodynamic cycles will be 
investigated by the following chapters. 
In chapter I, the production and development, theoretical characteristics and the 
present states of the study on finite time thermodynamics are introduced abstractly. 
In chapter II, the regenerative and performance characteristics of the regenerative 
ferroelectric refrigeration cycles are investigated. By using the expressions of the 
electrical polarization of ferroelectric materials and thermodynamic fundamental 
equations and relations, the general expressions of some important thermodynamic 
parameters such as the internal energy, entropy, heat capacity at constant polarization 
and heat capacity at electrical field intensity are derived. Moreover, the regenerative 
characteristics of the ferroelectric Stirling and Ericsson refrigeration cycles are 
analyzed, based on the common criterion that a thermodynamic cycle may possess the 
condition of perfect regeneration. It is illustrated that a ferroelectric Stirling 
refrigeration cycle may possess the condition of perfect regeneration and its 
coefficient of performance (COP) is equal to that of a Carnot refrigeration cycle, 
while a ferroelectric Ericsson refrigeration cycle does not possess the condition of 
perfect regeneration so that its COP is smaller than that of a Carnot refrigeration cycle. 
Again, the COP of a ferroelectric Ericsson refrigeration cycle is calculated in detail 
and the analytic expressions of the COP for some special dielectric materials which 
obey Curie law, Curie-Weiss law and other laws are obtained.  
In chapter III, the optimal performance of the regenerative ferromagnetic 
refrigeration cycles is studied. By using the general expression of the magnetization 
of a ferromagnetic material, the thermodynamic properties of the ferromagnetic 
material are analyzed. Some results obtained here are similar to those obtained in the 
regenerative ferroelectric refrigeration cycles. For example, a magnetic Ericsson 
refrigeration cycle can not possess the condition of perfect regeneration and there is 
an inherent regenerative loss in this cycle. Moreover, a general model of the magnetic 
Ericsson refrigeration cycle including the main irreversibilities such as thermal 
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the regenerator and heat leak losses between the heat reservoirs is established. The 
several performance parameters such as the cooling rate, COP and power input are 
optimized and the reasonable ranges of these parameters are determined. Again, the 
influence of different heat-transfer laws on the performance of the magnetic Ericsson 
and Stirling refrigeration cycles is searched. The optimal relations between the 
cooling rate, power input, temperatures of the working substance, and the COP under 
a general heat transfer law are derived. It is found that the conclusions obtained here 
are very general so that the important results in the related papers can be directly 
derived from the present chapter. 
In chapter IV, the effect of multi-irreversibilities including thermal resistances, 
regenerative losses and heat leak losses on the performance of a gas Stirling heat 
engine is investigated. First, a general cycle model of the gas Stirling heat engine 
including several main irreversibilities is set up. The power output, thermal efficiency 
and ecological function are taken as objective functions. Some important performance 
parameters such as the power output, thermal efficiency and the rate of entropy 
production are optimized. Then, the performance parameters of the heat engine for 
three different optimal conditions are compared and many important results are 
obtained. It is found that when the heat engine is operated at the state of the maximum 
ecological function, the power output is more than 80% of the maximum power 
output, while the rate of entropy production is much less than that at the maximum 
power output condition. These results obtained here may be not only generalized to 
describe the performance of an idea gas Ericsson heat engine, but also helpful to 
understand deeply the significance of an ecological optimal criterion.  
In chapter V, the influence of the quantum degeneracy on the performance of the 
regenerative gas refrigeration cycles is discussed roundly. With help of the equations 
of state of ideal quantum gases, the general expressions for the internal energy, 
entropy, heat capacity at constant volume and heat capacity at constant pressure are 
derived. Due to the influence of the quantum degeneracy, the heat capacities at 
constant volume and pressure are the functions of the state parameters such as the 
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refrigeration cycles working with an ideal quantum gas can not possess the condition 
of perfect regeneration and there are different regenerative characteristics for different 
quantum gases. Therefore, the COP of a regenerative quantum gas refrigeration cycle 
is smaller than that of a Carnot refrigeration cycle. Furthermore, some general 
expressions for the COPs of the regenerative quantum gas refrigeration cycles are 
derived. The performances of the cycles at the strong degeneracy, weak degeneracy 
and other conditions are also discussed in detail. Many significant results are obtained. 
It may provide some theoretical bases for the design and manufacture of gas 
refrigerators for low temperature applications. 
In chapter VI, the optimal performance of a regenerative quantum refrigeration 
cycle using spin systems as the working substances is studied. First, the model of a 
quantum refrigeration cycle working with spin systems and consisting of two 
isothermal and two iso-magnetic field processes is established. By using the spin 
theory, quantum master equation, semi-group approach, first law of thermodynamics 
in spin-1/2 systems and general expression of time evolution in a quantum cycle, the 
performance parameters of the cycle such as the COP, cooling rate, power input and 
temperatures of the working substance are optimized. The optimal performance 
parameters of the cycle at high temperatures are discussed in detail. It is found that the 
optimal performance of the regenerative quantum refrigeration cycle working with 
spin-1/2 systems at high temperatures is similar to that of a magnetic Ericsson 
refrigeration cycle working with paramagnetic material. The results obtained here 
may be further generalized, so that they are also suitable for the regenerative quantum 
refrigeration cycle working with spin-J systems and the quantum Carnot refrigeration 
cycle and consequently become more generality. It will be helpful to understand 
deeply the relationship and distinguish between the quantum and classical 
thermodynamic cycles. 
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hT 和低温热源 cT 之间的一切热机所能达到的效率界限，即卡诺效率[7] 
























加拿大科学家 Curzon和 Ahlborn[14]在 1975年也从理论上得到了卡诺热机在最大输出功率
下的效率。他们都考虑了热机与外界之间存在有限速率的热交换，推导出工质与高、低温热
源间存在热阻损失时的卡诺热机在最大输出功率下的效率--CA效率为 











     几十年来，美国、法国、丹麦、以色列等国的一大批科学家投身到这一研究领域，国
内严子浚教授最先开始这方面的工作，于 1983年将有限时间热力学引入我国，带领一组人
























































































































HC EE−=1η ，                                                      (1.3.1) 
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